Furanocoumarins are specialized metabolites that are involved in the defense of plants against phytophagous insects. The molecular and functional characterization of the genes involved in their biosynthetic pathway is only partially complete. Many recent reports have described gene clusters responsible for the biosynthesis of specialized metabolites in plants. To investigate possible co-localization of the genes involved in the furanocoumarin pathway, we sequenced parsnip BAC clones spanning two different gene loci. We found that two genes previously identified in this pathway, CYP71AJ3 and CYP71AJ4, were located on the same BAC, whereas a third gene, PsPT1, belonged to a different BAC clone. Chromosome mapping using fluorescence in situ hybridization (FISH) indicated that PsPT1 and the CYP71AJ3-CYP71AJ4 clusters are located on two different chromosomes. Sequencing the BAC clone harboring PsPT1 led to the identification of a gene encoding an Fe(II) a-ketoglutarate-dependent dioxygenase (PsDIOX) situated in the neighborhood of PsPT1 and confirmed the occurrence of a second gene cluster involved in the furanocoumarin pathway. This enzyme metabolizes p-coumaroyl CoA, leading exclusively to the synthesis of umbelliferone, an important intermediate compound in furanocoumarin synthesis. This work provides an insight into the genomic organization of genes from the furanocoumarin biosynthesis pathway organized in more than one gene cluster. It also confirms that the screening of a genomic library and the sequencing of BAC clones represent a valuable tool to identify genes involved in biosynthetic pathways dedicated to specialized metabolite synthesis.
INTRODUCTION
Furanocoumarins are specialized metabolites involved in plant defense against phytophagous insects (Beier and Oertli, 1983; Beier, 1990) . These molecules were mainly reported in Fabaceae (Psoralea cinerea), Moraceae (Ficus the furan ring on the coumarin core molecule, leading to either linear or angular isomers (Ellis and Brown, 1974) (Figure 1 ). While linear forms have been reported in all plants that synthesize furanocoumarins, angular forms have only been detected in Fabaceae, Apiaceae and Moraceae . The appearance of angular furanocoumarins has been described as an arms race between plants and herbivores (Berenbaum and Feeny, 1981; Berenbaum, 1983) . Although these compounds have been widely studied for decades, the furanocoumarin pathway has not been fully characterized at the molecular level and several genes remain unidentified. In this study we focused on P. sativa as a model plant for which four genes encoding enzymes related to furanocoumarin biosynthesis have already been reported ( Figure 1 ). Two prenyltransferases (PsPT1 and PsPT2) were recently shown to catalyze the prenylation of umbelliferone on C6 or C8, yielding demethylsuberosin (DMS) and osthenol, respectively (Munakata et al., 2016) . These enzymes have the same activity as an orthologous enzyme previously identified in parsley (Karamat et al., 2014) but are preferentially involved in the synthesis of linear or angular isomers. The two other enzymes described thus far in P. sativa belong to the cytochrome P450 superfamily. CYP71AJ3 (psoralen synthase) is responsible for the conversion of marmesin to psoralen (Larbat et al., 2007) , while CYP71AJ4 (angelicin synthase) catalyzes the conversion of columbianetin to angelicin (Larbat et al., 2009 ). These two enzymes have an overall protein sequence identity of 70% and are assumed to be paralogs derived from a common ancestor (Larbat et al., 2009) .
Recent studies have indicated that genes involved in the biosynthetic pathways of some defense compounds are co-localized as functional clusters in plant genomes (Kliebenstein and Osbourn, 2012; N€ utzmann and Osbourn, 2014; N€ utzmann et al., 2016) . This type of organization for functionally related genes would provide at least three major advantages for the plant:
(i) A simplified transfer of a group of genes from one genome to another, hence guaranteeing the transfer of the whole biosynthesis pathway from one plant to another. (ii) A lower risk of interrupting synthesis in the middle of the pathway, which could enhance the concentration of harmful intermediate compounds in the plant itself (Osbourn, 2010; Boycheva et al., 2014) . (iii) An easier co-regulation of gene expression (N€ utzmann et al., 2016; Yu et al., 2016) . Therefore, sequencing the genomic regions surrounding previously described genes could be a valuable tool to identify other genes involved in the same biosynthetic pathway (Osbourn, 2010) .
In the present study, we investigated the possibility that the furanocoumarin biosynthetic pathway might be organized as a cluster. Indeed, a striking feature of the plant gene clusters identified to date is the presence of P450-encoding genes, which are known to be involved in the adaptation of plants to their environment (Boycheva et al., 2014; Kawai et al., 2014) . As previously stated, most steps of this pathway are catalyzed by cytochrome P450 enzymes (Hamerski and Matern, 1988) . The role of this enzyme family in the adaptation of plants to their environment has been widely reported in the literature. Such evolution may be the result of the individual duplication, neo-functionalization and positive selection of genes (Edger et al., 2015) , and some studies have shown that these coding sequences are organized in gene clusters (Osbourn, 2010) . While studying furanocoumarin biosynthesis, Larbat et al. (2007 Larbat et al. ( , 2009 ) noted that the genes encoding the enzymes involved in the synthesis of psoralen, a linear furanocoumarin, and angelicin (the corresponding angular counterpart) are paralogous cytochrome P450s and that CP71AJ4 likely originated through a gene duplication event followed by neo-functionalization. These structurally related coding sequences may be grouped in the parsnip genome.
To investigate a clustered organization, it is necessary to assess the physical genomic environment of the genes encoding enzymes involved in the biosynthesis pathway. Although plant genomic or transcriptomic databases are readily available due to next-generation sequencing technologies, no genomic information concerning parsnip is currently available. An alternative approach to whole genome data mining is the combinatorial use of BAC library screening together with fluorescence in situ hybridization (FISH). These complementary approaches are suited to investigate the physical localization of genes throughout the genome in only three consecutive steps:
(i) Identification of genome fragments harboring already functionally characterized genes is performed through the direct screening of a BAC library. (ii) Sequencing of 'positive' BAC clones provides highquality sequences of the genomic regions of interest, and the analysis of these sequences provides the genomic organization of the surrounding genomic region of a restricted area of 100 kb up to more than 1 Mb.
(iii) FISH methods using BAC clones as probes pinpoint genomic regions directly onto a species' genome organization as suggested by Iovene and collaborators (Iovene et al., 2008) . In this study, we investigated the genomic organization of the furanocoumarin pathway in parsnip. We first describe the construction of BAC library. Using this library together with FISH methods revealed that three genes already described (CYP71AJ3, CYPAJ4 and PsPT1) and involved in the furanocoumarin biosynthetic pathway are located on two different chromosomes. The sequencing of the corresponding BACs led us to identify a gene coding for an Fe(II) a-ketoglutarate-dependent dioxygenase that specifically metabolizes p-coumaroyl CoA to produce umbelliferone, making this enzyme an ideal candidate to provide umbelliferone to the furanocoumarin pathway situated downstream.
RESULTS

BAC library construction and characterization
The HindIII restriction enzyme was used because all of the genes already characterized (CYP71AJ3, CYP71AJ4 and PsPT1) lack the corresponding restriction site. The BAC library constructed from parsnip genomic DNA consisted of 59 904 clones arrayed into 156 384-well microtiter plates. These BAC clones were produced in two steps from the same ligation product; an initial pool of 41 472 clones was completed by another pool of 18 432 clones. To evaluate the average insert size of the library, DNA was isolated from 425 randomly selected BAC clones, digested with a rare cutter NotI, and analyzed using pulsed-field gel electrophoresis (PFGE). All fragments generated by NotI digestion contained the 7.5-kb pIndigoBAC-5 vector band and various insert fragments. Analysis of the insert sizes from these BAC clones indicated a mean size of 106 kb (see Figure S1 for a subset of 43 BAC clones). Because the haploid DNA content of Pastinaca sativa is 1.73 pg, its genome size was estimated to be 1691 Mb (Bennett and Leitch, 2012) . Considering these data, the coverage of our parsnip BAC library named Pas-B-Dlg is approximately 3.59 genome equivalents.
Screening with probes targeting genes involved in the furanocoumarin pathway and identification of BAC clones of interest
To identify BAC clones harboring previously characterized coding sequences involved in furanocoumarin synthesis, specific nucleotide probes targeting CYP71AJ3, CYP71AJ4 and PsPT1 were designed. Screening using CYP71AJ3 and CYP71AJ4 labelled probes on the first part of the library (~2.69 equivalents of the estimated genome size) led to the identification of 15 and 22 BAC clones, respectively, of which 13 were common to both probes. CYP71AJ3 and CYP71AJ4 share 70% sequence homologies (Larbat et al., 2009) . Therefore, to assess the hybridization specificity of the probes, we performed a qPCR amplification on each of the 13 selected BAC clones, and we compared the resulting melting curves with those obtained using parsnip genomic DNA and plasmid DNA harboring genes of interest as controls. This enabled us to identify only 27B24 and 102B12 as real positive candidates. Sequencing of the PCR products obtained on 27B24 and 102B12 confirmed that both amplicons were 100% identical to the targeted sequences described in the literature (Larbat et al., 2007 (Larbat et al., , 2009 ). The presence of 11 false-positive BAC clones (among the 13 selected) suggested the existence of other CYP71AJ genes (or even CYP71 genes) sharing high homologies with CYP71AJ3 and CYP71AJ4. Following digestion with NotI, the sizes of 27B24 and 102B12 were estimated to be 105 and 110 kb, respectively which is consistent with the library average insert size estimation of 106 kb.
A screening using PsPT1 as probe was performed on the 59 904 BAC clones constituting the whole BAC library. Only four positive BAC clones were detected, and all of them were individually validated by qPCR, comforting a high specificity of hybridization. PCR products corresponding to part of PsPT1 gene were sequenced to validate that the clones carried the targeted sequence. Sequencing of the corresponding PCR products revealed 100% identity with the PsPT1 sequence for three BAC clones (67N6, 92M14 and 112I2) (Munakata et al., 2016) . In the fourth clone (57P4), 2 SNPs (single-nucleotide polymorphisms) were detected. Clones 67N6, 92M14 and 112I2 were digested with NotI to estimate the insert size of the corresponding BAC clones. The largest insert containing the PsPT1 gene was found in BAC clone 67N6 and had an estimated size of 129 kb. Inserts from clones 92M14 and 112I2 were estimated to be 115 kb and 97 kb, respectively. Two BAC clone 67N6 and 112I2 were selected for full-insert sequencing.
BAC clone sequencing and physical mapping
Bacterial artificial chromosome clones containing the genes of interest were sequenced at a minimum of 319 coverage, and the raw sequences obtained for each BAC clone were assembled individually. The assembly lengths for BAC clones 27B24 (12 contigs) and 102B12 (6 contigs) that harbor the CYP71AJ3 and CYP71AJ4 genes, were 98.6 and 104.8 kb, respectively ( Figure S2a ). BAC clone 67N6, which carries the PsPT1 locus, was assembled into 13 large contigs, and the total assembly length was 110.6 kb. BAC clone 112I2 has been sequenced using the PacBio method and was assembled into one unique contig of 97.6 kb (Figure S2b) . All assembly sizes were consistent with the previously estimated average insert sizes.
BAC-by-BAC sequence alignment allowed partial orientation and organization of the overlapping BAC sequences ( Figure S2 ). The total overlapping length between BAC clones 27B24 and 102B12 was 50.8 kb, with an average identity of 98.3%. These results led us to assume that the two BAC clones carried sequences that belong to two homologous chromosomes. Indeed, P. sativa L. subsp. sativa 'Demi Long de Guernesey' is a diploid heterozygous parsnip species (2n = 22 chromosomes), and the use of gene-specific probes could not distinguish between these chromosomes. However, based on the BAC clone sequences and the alignment start and end positions, we were able to estimate the total size of the CYP71AJ3/ CYP71AJ4 genomic region sequenced to be 117 kb (104.8 kb corresponding to BAC 102B12 plus 12.1 kb corresponding to the M13 region of 27B24 ( Figure S2a ).
The sequences of BAC clones 67N6 and 112I2 had a total of 50.1 kb sequence overlap, with an average identity of 99.9% ( Figure S2b ), demonstrating that they physically overlapped and originated from the same chromosome. The total size of this physical map of the PsPT1 clone is estimated to be 158 kb.
Fluorescence in situ hybridization
Previously, Wegel et al. (2009) have used DNA-FISH to visualize adjacent genes within a biosynthetic gene cluster in oat. To determine whether the different BAC clones carrying genes involved in furanocoumarin biosynthesis are localized in the same genomic area, the clones were used as molecular probes in BAC-FISH to identify their respective chromosomal localizations in P. sativa.
A preliminary analysis of the sequence performed with the RepeatMasker tool (http://www.repeatmasker.org) using the Arabidopsis thaliana genome revealed that the BAC clones carried repetitive elements (11% in 27B24 and 67N6 and 8% in 102B12) that might be responsible for the dispersion of hybridization signals. Therefore, to reduce the background, we used a competitive C 0 t repetitive-DNA fraction that acts as a 'blocker' to reduce the non-specific binding.
The identified BAC clones harboring PsPT1 (i.e. 67N6) or CYP71AJ3/CYP71AJ4 (i.e. 27B24 and 102B12) were mapped separately on chromosomes to ensure that the hybridization produced a signal. Hybridization of a probe specific to the 67N6 clone harboring the PsPT1 gene gave singlelocus signals that were observed in the telomeric regions of one pair of chromosomes ( Figure 2a , red dots). The efficiency of the hybridization was assessed using a 45S rDNA probe as a control for which mapping to two pairs of chromosomes was expected ( Figure 2a , green dots) (Iovene et al., 2008) . As for 67N6, hybridization of specific probes targeting the BAC clones carrying CYP71AJ genes, 27B24 and 102B12 yielded single-locus signals that were detected at the ends of a chromosome pair (Figure 2b ). Finally, probes specific to the BAC clones carrying the CYP71AJ3-CYP71AJ4 cluster (102B12) and the PsPT1 gene (67N6) were simultaneously used in BAC-FISH to assess whether the corresponding genes co-localized on the same chromosome. This clearly demonstrated that both hybridizations were separately detected on a different pair of chromosomes ( Figure 3a , b), indicating that these three genes do not belong to a single cluster physically related on the same chromosome.
Identification of genes potentially related to furanocoumarin biosynthesis
The assembled sequences of the different BAC clones (27B24 and 102B12 for CYP71AJ3-CYP71AJ4; 67N6 and 112I2 for PsPT1) were annotated to explore their coding sequences content. We searched for gene families belonging to cytochrome P450s, Fe(II) a-ketoglutarate-dependent dioxygenases, prenyltransferases and methyltransferases, which have already been reported to play roles in furanocoumarin synthesis in higher plants (Hehmann et al., 2004; Larbat et al., 2007 Larbat et al., , 2009 Vialart et al., 2012; Munakata et al., 2016) . Additionally, we extended our investigation to other proteins such as transporters and transcription factors (Table S2 ). The analysis of BAC 27B24 and 102B12 confirmed the presence of both CYP71AJ3 and CYP71AJ4. These two genes are separated by 6548 and 7594 bp on BAC clones 27B24 and 102B12, respectively and are in the same orientation ( Figure 4a ). In addition to these two CYP71AJ genes, four additional genes encoding putative enzymes from the CYP72A subfamily (namely CYP72A273, CYP72A274, CYP72A275 and CYP72A276, Accession N°KY081680, KY081681, KY081682 and KY081683 respectively)) were identified. One of these genes (CYP72A275) might be a pseudogene because it includes a frameshift mutation caused by an insertion of five nucleotides (CTAAT).
The PsPT1 gene sequence was identified on clone 67N6 and 112I2. An extensive analysis of all the contigs revealed the presence of a putative gene encoding an Fe(II) a-ketoglutarate-dependent dioxygenase (PsDIOX, Accession N°KY081678) sharing 56% identity with the p-coumaroyl CoA 2 0 -hydroxylase (C2 0 H) isolated from Ruta graveolens (Vialart et al., 2012) . Although only the first 382 nucleotides of the gene were identified on BAC clone 67N6, a fulllength PsDIOX was found on BAC clone 112I2 (Figure 4b ). Sequence analysis of clone 112I2 confirmed that PsPT1 and PsDIOX are in the same orientation and that the genes are separated by 28986 bp (Figure 4b ). The fact that only a partial PsDIOX fragment was found on BAC clone 67N6 is reasonable because a HindIII cleavage site was identified in the PsDIOX gene sequence at nucleotide position 384 of the coding sequence. An additional cytochrome P450 (Accession N°KY081679 ) coding sequence has also been identified on BAC112I2 and is located 850 nt upstream of PsDIOX. Its genomic sequence is 1692 nt long and includes one predicted intron. The translated protein is 72% homologous to CYP71AT subfamily of cytochrome P450s (Table S2 and Figure S4 ).
Functional characterization of the CYP71AT, CYP72A and PsDIOX genes
To have a more precise idea about the involvement of these genes in the synthesis of furanocoumarins in planta we assessed a possible correlation between the gene expression level and the concentration of these molecules in different organs of young parsnips. These analyzes highlighted that the concentration of most furanocoumarins (with the exception of pimpinellin) is higher in the leaves than in roots and significantly higher than the concentrations observed in the stems (Figure 5a ). These results are consistent with the expression levels of the different gene we tested: high expression in leaves, lower expression in roots and much lower expression in stems (Figure 5b ). In addition, the synthesis of furanocoumarins has been described to be inducible (Larbat et al., 2009; Munakata et al., 2016) . When roots are mechanically wounded we found a significant increase of the concentration of all the furanocoumarins ( Figure 5c ) consistent with a noticeable enhancement of the expression of genes encoding PsDIOX, CYP71AJ3 and CYP71AJ4 (Figure 5d ).
To investigate their biochemical function we started to clone the different candidate genes and express the corresponding proteins in heterologous expression systems. Although CYP71AT specific primers led us to amplify the genomic sequence, we never could amplify the coding sequence from cDNA prepared from roots and leaves of in vitro plants or soil cultured plants. This gene might not be expressed in our experimental conditions. All CYP72As could be amplified successfully using cDNA prepared from mRNA as template. However, for CYP72A275, as expected from the BAC sequence analysis, we always highlighted a 5-nt insertion that introduced a frameshift in the predicted coding sequence, probably leading to the synthesis of a non-functional expression product. Similarly, CYP72A276 always included an intron that was never spliced (negative and positive controls were performed to assess the absence of the remaining genomic DNA). Therefore, we assumed that CYP72A275 and CYP72A276 are likely to be pseudogenes. To perform functional characterization, CYP72A273 and CYP72A274 were expressed in yeast. Resulting microsomes were incubated with 11 different coumarins and furanocoumarins (Figure S3a) and four iridoids (loganic acid, loganin, 7-deoxyloganin and secologanin) ( Figure S3b ) (Miettinen et al., 2014) . These substrates were not metabolized.
To identify the function of the putative Fe(II) a-ketoglutarate-dependent dioxygenase, we first compared the protein sequence to four other enzymes whose activities were already described as related to the coumarin metabolism. These analyses highlighted that the parsnip enzyme shared 1) 61% amino acids (AA) identity with F6 0 H1 from Arabidopsis thaliana and 62.2% with Ib1-2 from Ipomoea batatas which specifically transform feruloyl CoA into scopoletin (Kai et al., 2008; Matsumoto et al., 2012) and 2) 58% AA identity with C2 0 H from R. graveolens or 59% with Ib2-1 from Ipomoea batatas. These two latter enzymes show a substrate promiscuity for feruloyl CoA and p-coumaroyl CoA responsible for the formation of both scopoletin and umbelliferone (Matsumoto et al., 2012; Vialart et al., 2012) . A more detailed sequence comparison showed that 161 amino acids ( Figure 6 , yellow boxes) were strictly conserved in the four Fe(II) a-ketoglutarate-dependent dioxygenases. This analysis, however, does not indicate a clear affiliation of PsDIOX with one activity or another. Therefore, we performed a second analysis based on 3D model structure alignments using the Kpax tool (Ritchie et al., 2012) . The models mainly differ in the conformations of their C-terminal loops, which enter the active site ( Figure S4 ). In these models, the most invasive loop is observed in PsDIOX, which likely endows this enzyme with distinct substrate specificity compared to the previously described enzymes. However, as the feruloyl CoA 6-hydroxylase structure (DOI: 10.2210/pdb4xae/pdb) that was used as the modeling template lacks the C-terminal residues, these predictions must be further confirmed by experimental approaches. We finally chose to express the protein in a bacterial system as described for the 2-oxoglutarate-dependent dioxygenase from Ruta graveolens (Vialart et al., 2012) in order to realize an experimental functional characterization. After purification, the His-tagged protein was incubated with four different hydroxycinnamic acids and their corresponding coenzyme A esters ( Figure S3c ). Only p-coumaroyl CoA was transformed in product which has been identified as umbelliferone, the precursor of linear and angular furanocoumarins ( Figure S5 ), highlighting the exclusive function of this enzyme for the synthesis of umbelliferone. The optimal experimental conditions were assessed (pH = 8.14 and T opt = 13.4°C; Figure S5 ) and the calculated enzymatic constants obtained in these conditions (K m = 201 AE 59 lM, V max = 44 AE 7 pmol min À1 per lg; Figure S6 ).
DISCUSSION
The operon-like gene clusters encoding genes involved in biosynthetic pathways of specialized metabolites in plants, which were unknown a few years ago, are now widely investigated Boycheva et al., 2014; N€ utzmann et al., 2016) . Based on such a model, we hypothesized that the genes involved in the furanocoumarin biosynthetic pathway may be co-localized in the parsnip genome. If this assumption could be confirmed, then knowledge of the sequences surrounding already known genes would help to identify all genes involved in the synthesis of these molecules. To assess the genomic organization of the furanocoumarin biosynthetic pathway, we chose to construct a BAC library, a strategy which has been described as a valuable resource to explore genomic regions carrying genes of interest (Hamberger et al., 2009; Anistoroaei et al., 2011) . We constructed a 3.59 genome equivalent BAC library of P. sativa. This library was further screened with functionally described genes (CYP71AJ3, CYP71AJ4 and PsPT1) (Larbat et al., 2007 (Larbat et al., , 2009 Munakata et al., 2016) and used to identify four positive BAC clones. These BAC clones were sequenced with two different technologies: 454-Roche (27B24, 102B12, 67N6) and PacBio (112I2). The resulting contigs were assembled and showed that CYP71AJ3 and CYP71AJ4 were separated by approximately 7 kb, whereas PsPT1 and PsDIOX were separated by 29 kb. The use of sequencing technologies providing short output sequences (reads) led to high-quality assemblies covering 117 kb with only four scaffolds for the CYP71AJ3/CYP71AJ4 locus and 158 kb with only 12 contigs for the PsDIOX/PsPT1 locus. This assembling is greatly facilitated and improved using the PacBio sequencing approach by providing a unique assembly sequence of BAC clone 112I2. If the clusters are enlarged by additional screenings, whole-locus PacBio resequencing could be an alternative way to obtain the complete sequence data and to ensure that no genes would be lost in the annotation steps. A detailed analysis of the BAC clones harboring the CYP71AJ3 and CYP71AJ4 genes led us to identify four additional cytochrome P450 genes. These genes all belong to the same CYP72A P450 subfamily and are likely the result of gene duplication events because two of them are not functional in plants. Gene duplication followed by neofunctionalization and positive selection has been observed and demonstrated in the glucosinolate biosynthesis pathway (Edger et al., 2015) . It is possible that an ancestral CYP72A gene was duplicated (likely CYP72A273 or CYP72A274) and that the new copies of the genes are not functional. CYP72A enzymes are involved in the synthesis of monoterpenoid indole alkaloids (Irmler et al., 2000; Miettinen et al., 2014) and triterpenoid saponins (Seki et al., 2011) . Irmler et al. (2000) demonstrated that CYP72A1 was able to catalyze an oxidative ring cleavage, converting loganin into secologanin in iridoid metabolism (Figure 3b ). This reaction shares similarities with the synthesis reactions of marmesin or columbianetin in the furanocoumarin biosynthesis pathway (Figure 1) . Unfortunately, the enzymatic reaction with marmesin did not lead to the synthesis of any new product. It is however possible that in planta this reaction occurs with a transient intermediate molecule as substrate, such as a glycosylated DMS or osthenol, although these molecules have not been observed in parsnip. The function of these CYP72A remains unknown so far and will need a broader screening with additional candidate substrates. In addition, it is likely that this lack of metabolism is related to non-recognition of the substrates by the enzyme, we cannot exclude that it is related to the lack of production of the recombinant protein in yeast.
The sequence analysis of the genomic fragment bearing the PsPT1 gene enabled the discovery of PsDIOX that was unknown prior to this study. An in silico comparison highlights that this enzyme shares over 160 AA (43% of the sequence) with four previously functionally characterized Fe(II) a-ketoglutarate-dependent dioxygenases. The remaining 57% of the sequence are more or less different from other Fe(II) a-ketoglutarate-dependent dioxygenases involved in the coumarin metabolism making it a putative specific enzyme dedicated to furanocoumarin synthesis in parsnip.
The in silico analysis revealed no particular subcellular addressing signal which is consistent with other Fe(II) a-ketoglutarate-dependent dioxygenases (Kawai et al., 2014) . This raises more generally the question of the intracellular synthesis pathway of these molecules. Umbelliferone, the product formed by PsDIOX, is produced in the cytoplasm and is subsequently prenylated by a prenyltransferase which is located in the plastidic membranes (Munakata et al., 2016) . The prenylated molecule is than redirected to cytochrome P450 enzymes which are located in the ER (Larbat et al., 2007 (Larbat et al., , 2009 . Although these enzymes are located in different subcellular compartments they might be spatially co-located in the cell. Such direct contact has already been described between the ER and plastidic membranes by Andersson et al. (2007) and Ginglinger et al. (2013) .
The differences with other Fe(II) a-ketoglutarate-dependent dioxygenases were also highlighted by a structure comparison based on protein models that show that PsDIOX has a C-terminal loop that might be involved in distinct substrate specificity compared to the other enzymes. These predicted differences are confirmed by in vitro characterization experiments which make evidence that it specifically catalyzes the transformation of p-coumaroyl CoA, with umbelliferone as a unique product. The identification of this enzyme contributes to the understanding of the molecular basis of furanocoumarin synthesis in parsnip and is clearly different from the pathway described in R. graveolens (Vialart et al., 2012) , where a bifunctional dioxygenase able to transform p-coumaroyl CoA into umbelliferone and also feruloyl CoA into scopoletin has been described. Here in P. sativa, PsDIOX is exclusively committed to the conversion of p-coumaroyl CoA into umbelliferone, the immediate precursor of all furanocoumarins, which might accommodate better with the furanocoumarin pathway than the previously described dioxygenase from R. graveolens. This difference between P. sativa and Rutaceae is reinforced by an analysis of the genomic organization of orthologous genes in Citrus clementina, another plant producing furanocoumarins. A local sequence alignment (BLAST) analysis using PsDIOX and PsPT1 as probe was done on the citrus genome (https:// www.citrusgenomedb.org). This data mining showed that several putative Fe(II) a-ketoglutarate-dependent dioxygenases with more than 56% identity with PsDIOX are located on scaffold 31 and 44 of the genome. A similar search done with PsPT1 highlighted a single scaffold (scaffold 39) which is harboring an orthologous gene sharing only less than 40% identity with PsPT1. Even if these genes display any activity in the synthesis of furanocoumarins in citrus (which has to be demonstrated) they are not physically close to each other. It would be interesting now to investigate the substrate specificity of other Apiaceae and Rutaceae orthologous dioxygenases to check if this reflects a general rule or not. This study might also be extended to other furanocoumarin producer plants such as Moraceae and Fabaceae .
We recently also identified a second prenyltransferase (PsPT2) involved in the synthesis of DMS and osthenol in parsnip. It is quite probable that localizing the PsPT2 gene in our BAC library with a specific PsPT2 probe would lead to the discovery of other BACs involved in the synthesis of furanocoumarins. These BACs might be close to the BACs identified here, and contribute to extending one of the two clusters presented in Results. Alternatively, PsPT2 might be localized elsewhere, giving a new cluster. Since the number of enzymatic steps involved in the synthesis of xanthotoxin, a major end-product from the furanocoumarin pathway starting from p-coumaroyl-CoA, is presumably seven, we can anticipate a cascade of new genes discovered from our BAC-oriented strategy.
The identification of two genomic regions carrying furanocoumarin biosynthetic genes in parsnip led us to investigate their respective localizations on the chromosomes. Indeed, gene clusters described thus far in specialized plant metabolism can span over 100 000 kb (Osbourn, 2010) . To overcome this possible issue, we used a BAC-FISH approach to map the respective chromosomal localizations of corresponding gene clusters in parsnip. We found evidence that the genes involved in furanocoumarin biosynthesis are located at least on two separate chromosomes in P. sativa. This element rules out the hypothesis of a single cluster containing all of the genes involved in furanocoumarin synthesis. It is however interesting to note that the PsPT1-PsDIOX cluster contains enzymes involved in the upstream biosynthetic pathway leading to coumarin synthesis (umbelliferone, DMS and osthenol; Figure 1 ), whereas the second cluster contains P450 genes dedicated to the intermediate pathway (Figure 1 ) specifically involved in the furanocoumarin synthesis. So far, we cannot exclude the possibility that the genes involved in the synthesis of the downstream furanocoumarin derivatives might be physically located at a different position from the first two loci identified in this work (Figure 1 ) or even not grouped but spread all over the genome. We intend to investigate this matter further by: (i) screening other BAC clones using new probes, such as PsPT2, another gene involved in the synthesis of osthenol (Munakata et al., 2016) and also with other identified P450 genes (Dueholm et al., 2015) ; and (ii) identifying and sequencing the clones surrounding the already identified BAC sequences.
Parallel analyzes of furanocoumarin concentration and gene expression level in planta is consistent with the involvement of the enzymes in the synthesis of these molecules. Leaves are the organs containing the highest concentrations of furanocoumarins in comparison with the stems and roots. This observation is in line with the physiological role of these molecules that are produced by plants in response to an attack by herbivores (McCloud et al., 1992) . Our experimental data provides evidence that the different genes investigated are more expressed in these organs than in the other parts of the plant. The correlation between these genes and the synthesis of furanocoumarins is reinforced in wounded roots where a significant increase of both furanocoumarins and gene expression could be observed. The only gene which is not subjected to any modification at the expression level is the prenyltransferase PsPT1. This result differs from the one described by Munakata et al. (2016) who stimulated in vitro plants with methyljasmonate. Since the experimental conditions are quite different with ours, we can assume that the regulation signals might be different. However this needs deeper investigation.
The results described in this study confirmed the potential value of a BAC-driven approach for the discovery of genes involved in a given specialized pathway (N€ utzmann et al., 2016) . We validate the BAC strategy to decipher the furanocoumarin pathway, which may then be applied to any secondary pathway. Such a BAC strategy is greatly underused as compared to transcriptomic approaches for finding candidate genes. Until now there is no information available in the literature on the chromosomic organization of the furanocoumarin pathway and we demonstrate that this pathway is, at least, organized in two gene clusters in parsnip. In addition we have also functionally characterized PsDIOX as a new gene discovered by the application of our BAC approach. In the future, the BAC tool should be used to further explore the regulatory elements that control the furanocoumarin pathway in higher plants. For this purpose, promoters of the different coding sequences will be identified and characterized.
EXPERIMENTAL PROCEDURE
Plant material
Parsnips (Pastinaca sativa L. subsp. sativa 'Demi Long de Guernesey') were cultivated as described by Munakata et al. (2016) . Leaves were collected from plantlets after 3 to 5 days in darkness, flash-frozen in liquid nitrogen and stored at À80°C until use.
Construction of BAC libraries
High-molecular-weight (HMW) DNA was prepared from young parsnip leaves as described by Peterson et al. (2000) and modified as described by Gonthier et al. (2010) . Agarose embedded HMW DNA was partially digested with HindIII (New England Biolabs, Ipswich, MA, USA), subjected to two size selection steps by PFGE using a Bio-Rad CHEF Mapper system (Bio-Rad Laboratories, Hercules, CA, USA), and ligated into the pIndigoBAC-5 HindIII-Cloning Ready vector (Epicenter Biotechnologies, Madison, WI, USA). Pulsed-field migration programs, electrophoresis buffer, and ligation desalting conditions were based on Chalhoub et al. (2010) . The insert size of the BAC clones was assessed using the Not I restriction enzyme and analyzed by PFGE. DNA fingerprinting was performed after an EcoRI digestion.
Construction and radiolabeling of probes
Radiolabeled probes ([a-33 P]dCTP) were designed to screen the genomic BAC library of parsnip for the presence of genes involved in furanocoumarin synthesis. DNA fragments were PCR-amplified from parsnip genomic DNA using specific primers (Table S1) targeting CYP71AJ3, CYP71AJ4 and PsPT1 providing 525, 552 and 420 bp long probes, respectively. For PCR amplification the reaction was set at 95°C for 5 min prior to 30 cycles of 10 sec denaturation at 95°C followed by 15 sec of annealing at 51°C or 53°C (CYP71AJ3, CYP71AJ4 or PsPT1, respectively) and a 30 sec extension at 72°C. The reaction was finished with an additional 10 min extension at 72°C. The probes were sequenced prior to the screening of the BAC library.
Screening of the BAC library
High-density colony filters were prepared with the genomic BAC library of P. sativa using a robotic workstation QPix2 XT (Molecular Devices, Sunnyvale, CA, USA). BAC clones were spotted in duplicate using a 6 9 6 pattern onto 22 9 22 cm Immobilon-Ny+ filters (Molecular Devices). The whole BAC library comprising 59 904 BAC clones was represented by a set of two filters, containing 41 472 and 18 432 clones, spotted in duplicate. After incubation at 37°C for 17 h, filters were processed as follows: Probe radiolabeling and filter hybridization were performed as described in Gonthier et al. (2010) . Hybridized filters were imaged with a Storm 860 PhosphorImager (GE Healthcare, Little Chalfont, UK), and analyses were performed using HDFR software (Incogen, Williamsburg, VA, USA). Positive BAC clones detected by hybridization were validated individually by quantitative PCR (qPCR) amplification using the primer pairs used for probe synthesis and genomic and plasmid DNA harboring genes of interest as controls. qPCR amplified products were visualized using agarose gel electrophoresis and sequenced to confirm the specific amplification of targeted genes. BAC-end sequencing was used to compare and discriminate identified BAC clones.
Sequencing and assembling
Roche-454. Bacterial artificial chromosome clones 27B24, 102B12 and 67N6 were sequenced in two distinct pools of 10 BAC clones. One microgram of each individual BAC DNA was used to prepare individual tagged libraries using the GS FLX Titanium Rapid Library Preparation Kit (Roche, Brandford, CT, USA). All of the libraries were pooled to proceed with the emulsion PCR. After amplification, the beads binding the DNA were loaded on a GS FLX+ sequencer flow cell according to the manufacturer's instructions.
To eliminate low-quality, highly repeated and contaminated reads, the raw reads were cleaned with Pyrocleaner (Jerôme et al., 2011) and filtered against the E. coli complete genome sequence. Then, a standard assembly was performed on the remaining reads (Newbler 2.9) with the vs option for screening the vector.
PacBio RS II. Two micrograms of BAC clone 112I02 were pooled with 11 other BAC clones to obtain a total amount of 24 lg. One library was generated using the standard Pacific Biosciences library preparation protocol for 10-kb libraries. This library was sequenced in one PacBio RS II SMRT Cell using the P4 polymerase in combination with C2 chemistry (GATC Biotech, Mulhouse, France).
Assembly of the PacBio RS II reads was performed following the HGAP workflow (https://github.com/PacificBiosciences/Bioinfor matics-Training/wiki/HGAP). The SMRT â Analysis (v2.2.0) software suite was used for HGAP implementation. Reads were first aligned using BLASR against 'E. coli str. K12 substr. DH10B, complete genome'. Identified E. coli reads and low-quality reads (read quality < 0.80 and read length < 500 bp) were removed from the data used for the BAC clone sequence assembly. Vector sequences were trimmed during the assembly process. Each BAC assembly was individualized by matching their back-end sequences (BES) on the ends of the assembled sequences with BLAST.
Sequence analysis and gene annotation
A threshold of 95% identity was used to determine relevant contig alignments for BAC heterozygous clones 27B24/102B12, whereas a threshold of 99% identity was used for BAC clones 67N6 and 112I02, which originated from the same chromosome. Only the best hits were conserved for each contig (i.e. highest identity % and longest alignment length). The alignment identity was calculated by dividing the total number of base matches by the total length of the alignment (including substitutions, insertions, and deletions). Genes were annotated on the final assemblies using the gene prediction software EUGENE (Foissac et al., 2008) .
Repetitive content in the BAC clone sequences was identified using the web program RepeatMasker (http://www.repeatmasker. org/) with Arabidopsis thaliana selected as the DNA source.
Chromosome preparation
Root tips 0.5-1.5 cm length were treated in the dark with 0.04% 8-hydroxyquinoline for 2 h at 4°C followed by 2 h at room temperature to allow them to progress to metaphase and were then fixed in 3:1 ethanol-glacial acetic acid for 12 h at 4°C and stored in 70% ethanol at À20°C until use. After washing in 0.01 M enzyme buffer (citric acid-sodium citrate pH 4.5) for 15 min, the roots were digested in a solution of 5% Onozuka R-10 cellulase (Sigma) and 1% Y23 pectolyase (Sigma) at 37°C for 15 min. The root tips were then washed carefully with distilled water for 30 min. A root tip was transferred to a slide and macerated with a drop of 3:1 fixation solution using fine-pointed forceps. After air-drying, slides with good metaphase chromosome spreads were stored at À20°C.
BAC-FISH
Preparation of slides and hybridization using bacterial artificial chromosome-fluorescent in situ hybridization (BAC-FISH) was carried out according to procedures detailed in Suay et al. (2014) . BAC clones 27B24, 67N6 and 102B12 were labelled by random priming with biotin-14-dUTP (ThermoFisher Scientific, Waltham, MA, USA). The ribosomal probes used in this study were 45S rDNA (pTa 71) (Gerlach and Bedbrook, 1979) which contained a 9-kb EcoRI fragment of rDNA repeat unit (18S-5.8S-26S genes and spacers) isolated from Triticum aestivum. The pTa 71 and 67N6 probes were labelled with Alexa-488 dUTP by random priming. C 0 t-100 fraction of Pastinaca sativa genomic DNA to block labelled repetitive sequences in BAC clones from hybridization to the chromosomes was prepared according to Zwick et al. (1997) and Szinay et al. (2008) . Biotinylated probe was immunodetected by Texas Red avidin DCS (Vector Laboratories, Burlingame, CA, USA) and the signal was amplified with biotinylated anti-avidin D (Vector Laboratories). The chromosomes were mounted and counterstained in Vectashield (Vector Laboratories) containing 2.5 lg ml À1 4 0 ,6-diamidino-2-phenylindole (DAPI). Fluorescence images were captured using a CoolSnap HQ camera (Photometrics, Tucson, AZ, USA) on an Axioplan 2 microscope (Zeiss, Oberkochen, Germany) and analysed using MetaVue ™ (Universal Imaging Corporation, Downington, PA, USA).
Real-time quantitative PCR of CYP71AJ3, CYP71AJ4, PsPT1 and PsDIOX mRNA transcripts Total mRNA extraction from plants cultivated in soil was performed according to Munakata et al. (2016) . Remaining DNA was digested using Amplification Grade DNase kit (Sigma-Aldrich, Saint-Louis, MO, USA) with twice more mRNA and three times more different solutions. The cDNA was synthetized with 100 ng of extracted mRNA using High Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA). The cDNA was diluted five-fold before real-time quantification (StepOnePLus, Applied Biosystems, Foster City, CA, USA). The real-time quantification was performed using SYBR Green Master Mix: SYBR Premix Ex Taq II (Tli RNase H Plus) kit (Clontech, Mountain View, CA, USA).
The primers used for real-time quantification of PsPT1, PsDIOX, CYP71AJ3, CYP71AJ4 and ribulose-1,5-biphosphate carboxylase/ oxygenase mRNA are listed in supplemental Table S1 . Ribulose-1,5-biphosphate carboxylase/oxygenase gene was used as a reference. Efficiency of the primers was checked. The 2
ÀDDCt method was used for the quantification of the transcripts expressed in different tissues and compared with the expression levels in induced and non-induced in vitro plants. The results are the means of six independent replications. Error bars represent standard deviations.
Coumarin and furanocoumarin extraction and LC-MS analysis
Leaves, stems and roots of P. sativa plantlets were grinded in a mortar with a pestle. Protocol to prepare the samples and analyze the furanocoumarin content by UPLC/MS was derived from Munakata et al. (2016) . Briefly, frozen powder (100 mg) was collected and weighted for each sample. Eight hundred microlitre of 80% methanol was added to the powder and the mixture was homogenized by vortexing. After 10 min sonication (Elma s70 Elmasonic, sweep mode) and a 20 min long centrifugation at 15 000 g, the supernatant was collected and transferred into new microtubes. The pellet was submitted to a second extraction. The methanolic extract (1.6 ml) was dried (Eppendorf Concentrator plus) at 40°C for 15 h. The resulting pellet was finally resuspended with 100 ll of methanol 80%, vortexed and sonicated 10 min. For UPLC quantification analyses, a standard curve with all the furanocoumarins (1, 5, 20, 30 lM) was prepared. 4-Methylumbelliferone at a concentration of 5 lM was used as an internal standard for mass quantification.
Cloning and heterologous expression of PsDIOX, CYP72A273 and CYP72A274 Total RNAs were extracted from mechanically wounded parsnip leaves (6 h post wounding) with the RNeasy plant extraction kit (Qiagen, Hilden, Germany) and treated with DNase I to avoid any genomic DNA contamination. cDNA was generated using High Capacity cDNA Reverse Transcriptase (Applied Biosystems) and random primers. The full-length cDNA sequences were PCRamplified using a high-fidelity DNA polymerase (PrimeSTAR â Max; Clontech), using the primers described in supplemental  Table S1 .The PCR conditions were as follows: 5 min at 98°C, 35 cycles (10 sec at 98°C, 10 sec at 52°C or 55°C, 2 min at 72°C), and a final 5 min extension step at 72°C. PCR products were cloned using a pCR â 8/GW/TOPO â TA Cloning â Kit (ThermoFisher Scientific), and sequenced. Specific primers were used to amplify the coding sequences corresponding to five genes and each PCR product was sequenced (Table S1 ).
The amplified PsDIOX coding sequence was subcloned into the pET28b expression vector. The recombinant plasmid was introduced into E. coli Rosetta 2 bacteria. Bacterial culture, His-tagged protein purification and functional characterization were performed as described by Vialart et al. (2012) excepting that protein induction by 1 mM IPTG was performed for 4 h at 37°C. Substrate synthesis and enzymatic characterization were performed according to Vialart et al. (2012) . The CYP72A coding sequences were subcloned in pYeDP60 and the corresponding proteins were produced in the S. cerevisiae strain WAT21 (Pompon et al., 1996) . Microsome preparation and enzyme assays were conducted as described previously (Larbat et al., 2007 (Larbat et al., , 2009 ). The catalytic parameters are the means of three independent replicates, and errors represent standard deviations. The kinetic parameters were calculated using the SigmaPlot software program (Systat Software Inc., London, UK).
Bioinformatics
The protein sequence comparison was performed with ClustalW software. Protein structure comparison was performed using the Kpax protein structure alignment tool (Ritchie et al. (2012) , http:// kpax.loria.fr/). 
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